Clemson University

TigerPrints
All Theses

Theses

8-2010

INFLUENCE OF ISO-STRUCTURAL
SUBSTITUTIONS ON PROPERTIES OF
Ge(As,Sb)(S,Se) GLASSES
Guillaume Guery
Clemson University, gguery@clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
Part of the Materials Science and Engineering Commons
Recommended Citation
Guery, Guillaume, "INFLUENCE OF ISO-STRUCTURAL SUBSTITUTIONS ON PROPERTIES OF Ge(As,Sb)(S,Se) GLASSES"
(2010). All Theses. 935.
https://tigerprints.clemson.edu/all_theses/935

This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for inclusion in All Theses by an authorized
administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.

INFLUENCE OF ISO-STRUCTURAL SUBSTITUTIONS ON PROPERTIES OF
Ge(As,Sb)(S,Se) GLASSES

A Thesis
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree of Master of Science
Materials Science and Engineering

By
Guillaume Guery
August 2010

Accepted by:
Prof. Kathleen Richardson, Committee Chair
Prof. Stephen Foulger
Prof. Vincent Blouin
Prof. Thierry Cardinal
Prof. Evelyne Fargin
Prof. Jean-Louis Bobet
Prof. Mona Treguer-Delapierre

ABSTRACT

Chalcogenide glasses possess exceptional infrared transparency, large non-linear
refractive indexes and low phonon energies, making them good candidates for infrared
optical applications. Previous studies in the Ge-Sb-S glass system have shown an
increase in the nonlinear refractive index with an iso-structural substitution of twocoordinated selenium (Se) for sulphur (S) and variation of other physical properties with
substitution of other iso-structural species such as three-coordinated arsenic (As) for
antimony (Sb). The role of such iso-structural exchange on properties important to the
thermo-, visco- and mechanical attributes of glasses in the Ge-As/Sb-S/Se system has not
been thoroughly evaluated and form the basis of this thesis.
This study reports results of a systematic study of the relationship of glass
structure on the thermal, mechanical and optical properties of glasses in the system
Ge28Sb12S(60-x)Se(x) and Ge28As12S(60-x)Se(x) with x = 0, 15, 30, 45 and 60. The aim has
been to elucidate the effect of the substitution of S for Se and Sb for As on physical
properties of importance for

Precision Glass Molding (PGM)

where such

multicomponent glasses possess important refractive index and dispersion properties.
Using a range of experimental characterization techniques to assess the glass’
composition, thermal stability, thermal expansion, viscosity behavior, optical
transparency and Vickers hardness, these property changes are interpreted based on the
impact of the structural role of the group V (As, Sb) and VI (S, Se) constituents.
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It has been found that most properties show linear variation where properties are
dominated by a majority bond type. The glass’ transition temperature, microhardness and
the viscosity decrease with sulphur substitution by Se due to the variation of strength of
the bonds. Mixed bonding occurs through a transition region of x ~30-45 mol% Se and is
characterized by a plateau in some properties, especially the glass transition temperature.
This result is the signature of a switch of the dominant bonds in glasses. Furthermore, it is
found that all glasses have superior crystallization stability, based on measured Tx-Tg
stability data.
Extreme duration heat treatment studies of the glasses carried out to initiate
crystallization (87 hours as compared to the ~20-30 mins of a typical molding cycle) at
the molding temperature (~ 7-11 Pa s) show the onset of both bulk and surface
crystallization.

XRD indicates the formation of crystals within the bulk (GeSe),

consistent with previous findings of other authors, and at the glasses surface (GeSe3) in
the Ge28Sb12Se60 glass composition.

Sulphide glasses and mixed chalcogen glasses

(Ge28Sb12S60 and Ge28Sb12S30Se30, respectively) exhibit less devitrification when heat
treated for similar duration.
Thus, within the context of the finite composition space examined in this study,
the selenide glass in the Sb-based system is concluded to be the best candidate for
precision glass molding due to its low hardness/more ductile behavior (required for
conventional preform fabrication), its lower infrared absorption (due to intrinsic
impurities in elemental starting materials), its long viscosity curve (offering a broader
working range for pressing) and a large ΔT (for resistance to crystallization upon reheat).
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Small sulphur additions further reduce the possibility of minor surface crystallization for
materials undergoing very long PGM cycle times.
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CHAPTER ONE
INTRODUCTION

I-1 Motivation –Need for new materials

Nowadays, new optical systems with high performance in a minimum space are
needed with competitive price. One can see this evolution through daily objects such as
cell phones, TV screens and computers which are becoming more powerful, smaller in
size and lower in price. Scientists and engineers understand the trade-offs between optical
component requirements, new materials, manufacturing methods and the skill sets
required to realize fabrication and manufacturing goals. To achieve such advances, new
material design, properties and fabrication must work together to create unique solutions,
not previously found.
Civilian and military applications of optical materials continue to push for system
solutions for new technologies, especially in the military with their use of night vision
and optical imaging systems on tanks. Both of these applications currently rely on decade
old technologies and equipment that is both heavy and expensive. Most optical systems in
these applications are based on crystalline germanium optics or high quality optical glass
components that are spherical in shape manufactured from either single-point diamond
turning (SPDT), for Ge optics, or the age-old process of grinding and polishing of optical
glass. The actual night vision optical system is composed of six to eight lenses based on
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germanium, a high density material that results in heavy optics. The price and the weight
of this system is a current challenge, if one is to realize weight savings needed to improve
the mobility of our soldiers and their systems.
Originally developed for low cost camera lenses, researchers over the past five
years have increasingly been evaluating a new optics manufacturing technique, based on
a precision glass molding (PGM) process to yield lenses which possess an aspherical
shape; this asphere and its optical function can replace multiple spherical lenses, resulting
in an optical system with fewer components. Aspheric optical systems permit an optical
system that is both lighter and less expensive as it uses fewer elements and less material
The key challenge for optical material developers is to create new glass types
which have the desired optical properties, and which will be compatible with and stable
to the molding process. The main characteristics of an optical glass for molding of
aspheres for use in the infrared region of the spectrum (in addition to its target refractive
index (RI) and dispersion properties), are that it be transparent in the infrared region,
have a coefficient of thermal expansion close to that of the mold, a long viscosity curve
in order to have the broadest temperature range for processing (to avoid crystallization
and to also be flexible with time of the molding cycle), and low absorption loss (both due
to good glass purity and low scattering loss).
For purposes of this study, the multicomponent glass system examined (GeAs/Sb-S/Se) has RI and dispersion properties within the acceptable range of use by most
optical designers, and this investigation will not focus on these properties and their
variation with composition. Rather, an examination of how the other manufacturing-
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related parameters (related to material thermal, mechanical, optical transmission
attributes) vary with composition, has been carried out.

I-2 Precision glass molding (PGM) process

This process includes three steps, heating, molding and cooling, as seen in Figure
I-1.

Figure I-1 Precision glass molding (PGM) process [Mo,10].
First, the glass (usually a ground and polished “preform” of spherical shape) is
inserted between the top and bottom molds at room temperature. During the heating
process, the temperature increases above the transition temperature, changing the
dimensions of the glass and the molds due to thermal expansion. During the compression
(molding) step, the heated glass is pressed into the thermally deformed mold surfaces.
Finally, in the cooling step both the glass and molds cool to room temperature and the
final product is ready to be released. This entire process can typically be completed in a
molding “cycle time” of less than 25 minutes.

17

Although the two surfaces of the mold insert in contact with the glass retain their
initial shape in the cooling stage of the PGM process, the final geometry of the glass is
different from that of the mold due to thermal contraction of both the mold and the glass.
This process has been studied extensively, as it varies by glass type (chemistry and
thermal-mechanical properties); Mosaddegh et al., found that the cooling stage has the
most significant effect on the residual stresses, a condition that also changes the final
shape of the molded glass [Mo,10]. Moreover, molding induces materials engineering
problems due to the fact that when the thermal history of glass is altered, its physical and
optical properties, along with relaxation behavior, are also altered.

I-3 Glasses

The problem today is to find a new material which will be able to support the
molding process and to present all the characteristics that are needed in an infrared
optical component and system:
-

A wide band gap to obtain the largest transparency region,

-

The CTEglass ≈ CTEmold to obtain the best lens shape with the lowest
residual stress for the image quality,

-

Well-known hardness for optimal polishing behavior of the preform,

-

Good crystallization stability to minimize crystal formation upon repress,

-

A long viscosity curve to obtain the largest temperature range,
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-

High optical purity of glasses to optimize the mid-IR transparency.

Chalcogenide glasses (Figure I-2) have attracted the attention of many
investigators due to the fact they are potential candidates for applications in infrared
optics. [Sa,65] [Hi,70] [Sa,82] [Na,89] [Na,90] [Vo,91].

Figure I-2 Zoom on the periodic table of the elements, focused on the chalcogen (group
VI) elements and the Group IV (Ge) and V (As, Sb) elements found in the glasses in this
study.

Chalcogenide glasses (ChGs) are based on chalcogen elements which are oxygen,
sulfur, selenium and tellurium. Oxygen is not used in ChGs as they render the glass
opaque in the infrared (IR). In this study, other elements including germanium, antimony
and arsenic have been added to the glasses to modify their optical and physical
properties. Introduction of As or Sb has been previously shown to increase the density
and the linear refractive index, as an example. [Ca,99] [Pe,06]
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The physical and optical properties of Ge-Sb-S and Ge-Sb-Se have been
intensively studied. [Pe,06] [Ka,00] [Gi,80] [Gi,81] Nevertheless, to the best of our
knowledge, few works [Pe,06] [Pet,06] have evaluated the influence of an iso-structural
substitution of S by Se on the structure and the properties of glasses within the quaternary
system Ge-Sb-S-Se. We decided to characterize the thermal, physical, optical and
structural properties of new glasses in the Ge-Sb(As)-S-Se system and to examine the
effect of such compositional changes, on the glass’ performance in a PGM process.

To understand the role of composition on the physical properties important in
creating new IR glass materials that are compatible with the PGM process, the influence
of the substitution of S by Se on glass properties was examined, and secondly these
properties were compared in a Ge-Sb-(S,Se) and Ge-As-(S,Se) glass system. Our effort
aims to develop glasses in the Ge-(Sb,As)-S system with a low Sb concentration and high
concentration of S to present good physical stability suitable for use in novel optical
applications. In order to increase the linear refractive index and to change the dispersion
behavior, sulfur has been progressively replaced by selenium in the Ge28Sb12S60-xSex and
Ge28Sb12S60-xSex with x = 0, 15, 30, 45 and 60 glass systems. Refractive index has not
been measured for this thesis due to time constraints, but this measurement is important
in order to complete the understanding of these materials, as discussed in the Future
Work section below.
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In this study, the coordination number <CN> or <m>, shown in Equation I-1, is held
constant; <CN> is defined as the sum of the individual coordination numbers of each
element multiplied by their molar quantity, then divided by the sum of the molar
quantities.
<CN>= [ ∑<CN>i*ni ] / ∑ni

eq. I.1

This study is based on an iso-structural substitution of S for Se, namely a substitution of
<CN>S=2 for <CN>Se=2. So the <CN> remains constant during substitution of Se for S
as well as for As for Sb where both iso-structural species possess a <CN> = 3.

I-3-1 Fundamentals of glass formation

Since the study of glasses started, many definitions have been given to these
materials. The first definition, having its origin in the process of formation, defines a
glass as a supercooled liquid. Although this statement is true, this definition does not
serve to differentiate an inorganic glass from a polymeric glass. Furthermore, some
glasses can be formed without having ever been in a liquid state. Two alternative
definitions could be: “a solid that does not show long range order” or “a liquid that has
lost its ability to flow” [Ca,07]. A glass can thus be defined as an amorphous (noncrystalline) solid lacking of long range order.
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The glass transformation behaviour, observed in glasses, is often discussed in
terms of enthalpy variation during the glass formation. A plot of enthalpy (or volume) as
a function of temperature can be illustrated as shown in Figure I-3 below:

Figure I-3 Effect of temperature on the enthalpy of a glass melt [Sh,05].

One can envision a glass melt mixed at a temperature well above the melting
temperature and cooled down at various cooling rates. For melts cooled at a slow rate, the
enthalpy decreases linearly with temperature following the “liquid” line and then
decreases rapidly at T = Tm without entering the supercooled liquid region. This abrupt
change in volume and enthalpy corresponds to the formation of a crystal, giving rise to
fully crystallized materials having long range order and periodic atomic arrangement. The
change in enthalpy results in a phase change between the liquid state and the solid crystal.
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This phenomenon typically occurs at the melting temperature, Tm, of the corresponding
crystal.
When the cooling rate is fast enough to avoid crystallization, the liquid reaches a
state called a “supercooled liquid”. The atoms in the liquid will rearrange in a continuous
fashion, leading to slow changes in enthalpy, until the viscosity of the liquid reaches a
value that inhibits further rearrangement. When the rearrangement of the atoms in the
supercooled liquid slows down, the enthalpy starts to deviate from the equilibrium line
leading to a decrease in the slope of the graph (see Figure I-3). In other words, the
viscosity of the supercooled liquid is such that the atoms can no longer rearrange and this
leads to formation of a solid with no long range order. The region in which the slope of
the enthalpy/temperature curve changes in the diagram is referred as to “the
transformation range”, corresponding to the temperature range at which the supercooled
liquid becomes a glass. The intercept between the supercooled liquid line and the glass
line is commonly referred as to “the fictive temperature” Tf [Sh,05]. This temperature is
an ideal temperature at which the (solid) glass would possess the exact same structure as
that of the supercooled liquid.
Practically, Tf is complicated to measure. From a thermodynamic point of view, if
we assume a liquid cooled with an extremely slow cooling rate (i.e. the cooling rate tends
to 0), the entropy of the supercooled liquid should have the same value as that of the
crystal by extrapolation of the entropy curve. It is impossible to have an amorphous
material with an entropy equal to that of the equivalent crystal, and this phenomenon is
called the “Kauzmann’s paradox” [Ka,48]. The only physically reasonable explanation
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of this phenomenon is, hence, a phase change below Tf. This “region” of glass
transformation is called the “glass transition temperature” or glass transformation
region. Through thermal analysis, it is possible to define the glass transition temperature
(Tg) corresponding to the temperature range where bonds between atoms start to break
and rearrange. Tg is not an intrinsic property of the glass since it varies with the heating
rate applied to the sample [Sh,05]. These fundamentals of glass formation are important
for a good understanding of the material. To increase the utility of the precision glass
molding process, a thorough understanding of the underlying glass science is required.
Indeed, scientists have to understand glass science before precision glass molding
can become an effective tool. As it is explained above, precision glass molding is used to
obtain an aspherical lens shape. The grinding-polishing step is not required because
glasses are polished before molding to form the spherical preform; however traditional
grinding and polishing cannot achieve the complex shapes of an asphere. Knowledge of
the glass hardness is important to optimize the grinding-polishing step, which is the last
step before the molding. The hardness of glasses is the resistance to crack initiation and is
defined in therms of indentation hardness using a Vickers indenter. [Sh,05] [Sh,07]
All materials change their size when subjected to a temperature change as long as
the pressure is held constant. The coefficient of thermal expansion describes how the size
of an object changes with a change in temperature. Specifically, it measures the fractional
change in volume per degree change in temperature at a constant pressure. The measure
of the coefficient of thermal expansion is one of the most important parameter for
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precision glass molding, because the difference in CTE between the mold and the glass is
at the origin of the quality of the glass molded [Mo,10]

The temperature dependence of the viscosity determines the ease of glass
formation. To obtain a glass from a melt, as opposed to a crystal, either the viscosity must
be high at the melting temperature of the crystalline phase (to form a melt), or the
viscosity must increase rapidly as the temperature decreases. Furthermore, viscosity is
used to determine other important parameters such as the melting conditions to form a
homogenous melt, to identify the annealing temperature (to remove internal stress), and
to obtain the temperature range used to shape the glass (draw fibers, mold lenses…)
defined as the working range Log η ~ 6 to 12 Pa s. [Sh,05]
The study of the viscosity is an important aspect of precision glass molding. PGM
is carried out in the viscosity range between 106.6 and 108 Pa.s where it is soft enough to
begin to deform, but solid enough to retain its general shape. To obtain this viscosity
range, the knowledge of the glass’ viscosity behavior as a function of temperature is
indispensable.

I-3-2 Nucleation of crystal

The nucleation of a crystal is the formation, within the glass, of particles capable
of spontaneous growth into larger crystals of a more stable solid phase. These first viable
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particles are called nuclei and they can form from solid particles (or impurities) already
present in the system (heterogeneous nucleation). Nuclei can also be generated
spontaneously (homogeneous nucleation) [Sh,05].

In order to form such nuclei, two distinct barriers must be overcome: the
thermodynamic barrier and the kinetic barrier. The steady state nucleation rate (I) can be
expressed as follows:

 G *  Gd 
I  A exp 

k bT



eq I-2

where A is a constant, G* and Gd are the thermodynamic and kinetic barriers,
respectively, kb is the Boltzmann constant (1.38 × 10-23 m2 kg s-2 K-1) and T is the
absolute temperature (K).

-

Thermodynamic barrier:

The essential driving force in any phase change is the difference in the free energy
between the initial phase and the final phase to be formed, and this represents the
thermodynamic barrier for crystallization. This energy difference is shown in the Figure
I-4 below:
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Figure I-4: Energetic contributions to nucleation
[web.mst.edu/~brow/PDF_nucleation.pdf]

Figure I-4 shows the two different energetic contributions to the nucleation: i) a
free energy decrease which is associated with the transformation of glass to a crystal
(volume energy gain) and ii) the increase in surface energy (surface energy barrier) that
inhibits the formation of the crystal. The crystal, having lower energy, is more
thermodynamically stable than the glass system, while the glass, with higher energy, is in
a metastable form. Hence if the surface energy barrier can be overcome, a crystal forms.

-

Kinetic barrier:

The kinetic barrier to crystallization, Gd, is usually discussed in term of viscosity
and effective diffusion coefficient “D” which can be written as follows:
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D

 Gd
k bT2
exp  
h
 k bT





eq. I-3

where D is the effective diffusion coefficient, kb is the Boltzmann constant (1.38 × 10-23
m2 kg s-2 K-1), h is the Planck constant (6.626 × 10-34 m2 kg s-1),  is the atomic jump
distance and T is the absolute temperature in Kelvin (K).

At high temperature, or temperatures around the melting temperature Tm, Gv is
very small and thus the probability for the nuclei to reach the critical size is low, leading
to a value of I approaching 0. At those temperatures, it is commonly assumed that the
liquid is nuclei free. When the temperature decreases, Gv increases, decreasing the value
for the critical radius r* and hence increasing the value of I. If the system remains long
enough in the temperature range where the critical radius is at a size around a few tenths
of a nanometer, critical nuclei could form and subsequently lead to crystallization of the
glass [Sh,05]. This demonstrates the importance of determining, for each glass system,
the minimum cooling rate required to inhibit the formation of nuclei during undercooling.

For precision glass molding, it is important to understand the process of crystal
nucleation, to determine the crystallization stability. Indeed, during the molding, the glass
is heated at a temperature to obtain a glass viscosity between 106.6 and 108 Pa.s. This
viscosity range corresponds to a temperature range between Tg and Tx which is also the
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nucleation-growth region. In this domain, the risk to crystallize the glass is high,
especially when the crystallization stability (ΔT=Tg–Tx) is lower than 100 oC. The
presence of crystals can reduce the glass transparency and result in poor lenses that have
scatter loss. This is why crystallization stability, upon heating and reheating, is an
important aspect of this thesis.

In this thesis, Chapter II discusses the experimental procedure, namely
experiments needed to characterize glass properties. Chapter III speaks about results
obtained and discussion around these results. Then, conclusions on the influence of isostructural substitutions in chalcogenide glass on glass properties for precision glass
molding are presented. Lastly, future works are presented that would prove useful in
order to complete this study.
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CHAPTER TWO

Experimental procedure

Chapter II speaks about the ways in which glass samples have been prepared and
the different experiments used to characterize the thermal, optical and structural
properties which are necessary for precision glass molding.

II-1 Sample preparation

Sulfide glasses in the glass host system Ge0.28Sb0.12S0.60-xSex and Ge0.28As0.12S0.60xSex

with x = 0, 0.15, 0.30, 0.45 and 0.60 examined in this study were prepared in 10g

batches. The glasses were prepared from high purity elements (Ge 99.999% (Alfa Aesar),
Sb 99.999% (Sigma-Aldrich), As 99% (Cerac), S 99.998% (Aldrich), Se 99.999% (Alfa
Aesar)). The starting materials were weighed and batched inside a nitrogen-purged glove
box and sealed using a gas-oxygen torch under vacuum into quartz ampoules. The
ampoule was then sealed and heated for 16h at between 875 °C and 925 °C, depending on
the glass composition. A rocking furnace was used to rock the ampoule during the
process to increase the homogeneity of the melt. Once homogenized, the melt-containing
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ampoule was air-quenched to room temperature. To avoid fracture of the tube and glass
ingot, the glasses were subsequently returned to the furnace for annealing for 15h at 40
°C below the respective glass transition temperature, Tg, of the glass. The sulfo-selenide
glass samples were then cut, optically polished and inspected visually for defects or
bubbles.

II-2 Property measurement

II-2-1 Physical properties: Density

Density is defined as the mass of the substance per unit of volume (g/cm3). In this
study, the density of bulk glass materials was measured by Archimedes’ principle using
diethylphtalate liquid with a known density as a function of temperature. The
measurements were performed on polished samples. The accuracy was better than
0.02g/cm3. The density measurement apparatus is represented in Figure II-1. [Mj,09]
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Figure II-3 Measure of density by Archimede’s method.

The polished glass is first weighed in air, and then while immersed in the oil. From these
two weighings, density of the glass is calculated as follows:




Pliq  Pair  FArchimedes

eq II-1



where Pliq : is the weight of the sample in the diethylphtalate liquid, Pair :the weight of


the sample in the air and FArchimedes :the Archimedes’ force. The above expression can be
re-written as follows:

B * g  A * g  V *  0 * g with V 
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A

 sample

eq.II-2

Hence,

 Sample   0

A
A B

eq.II-3

With  sample defined as the density of the solid body (g/cm3),  0 is the density of the
diethylphtalate liquid at a given temperature (g/cm3), A is the weight of sample in air (g)
and B is the weight of sample when immersed in the diethylphtalate liquid (g).

II-2-2 Mechanical properties: Vickers microhardness (Hv)

One of the most important changes in a glass due to a structure modification is the
microhardness. [Lc 224] Hardness is a measure of the amount of force required to
plastically deform material. It can be measured using multiple methods such as Brinell
method, Rockwell method, Knoop method and Vickers method, and provides insight into
the physical durability and robustness of the resulting optical component after fabrication.
In this study, a Shimadzu DUH-211S Microhardness tester was used. The Vickers
method uses a diamond tip indenter with a square base and an angle of 136 degrees
between opposite faces as shown below.
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Figure

II-2

Process

to

calculate

the

Vickers

Hardness.

(http://eoin-

brennan.com/Content/Images/Portfolio-VickersMed.jpg)

A static load of 2000 mN was used for the experiments and the reported microhardness
values obtained are the average of fifteen tests. The diagonal length of indentation was
measured after the test and the microhardness was then calculated. Errors for
microhardness, Hv values obtained were typically ±3%. [Lc,04]

II-2-3 Thermal properties

In a typical differential scanning calorimetry (DSC) experiment, a sample and a
reference are both subject to a linear heating ramp. The calorimeter records the
temperature difference between the sample and the reference and then converts that
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information into a measure of the heat flow that goes into and out of the sample. The
supplied energy difference is recorded as a function of the temperature. Thermal events
appear as deviations from the baseline. Thus DSC measures temperatures and heat flows
associated with thermal transitions in the material. In this case of a glass, one can
measure the glass transition temperature (Tg), crystallization (Tx) and melting (Tm)
temperatures. Additional information such as heat capacity, melting enthalpy or apparent
activation energy can also be calculated from DSC patterns. [Lc,04].

In this study,

the thermal properties of the investigated glasses were measured using a disc-type
differential

scanning

calorimeter,

DSC

2920

of

TA

instruments

[www.tainstruments.com]. The measurements were carried out in a hermetically sealed
aluminium pan. The glass transition temperature (Tg) and the crystallization temperature
(Tx) were determined at a heating rate of 10 °C/min. The glass transition temperature (Tg)
was taken at the inflection point of the endotherm (obtained by taking the first derivative
of the curve), and the crystallization temperature (Tp) at the maximum of the exothermic
peak as illustrated below in Figure II-3. The accuracy of the measurement was estimated
to be ±2 °C. The difference between the glass transition and crystallization temperatures
(ΔT=Tx-Tg) represents the stability against the crystallization of the glass. When ΔT<100
°C, the glass is considered like unstable. When ΔT>100 °C, the glass is stable.
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Figure II-3 DSC thermogram of the Ge28Sb12Se60 glass composition, taken as an example.

Thermo-mechanical analysis can be used to measure the melting and softening
points, tensile and compression modulus, glass transition and expansion coefficient of a
glass. In this study, the coefficient of thermal expansion (CTE) of the bulk glasses was
measured. When a material is subject to a heating cycle, its dimensions change and
usually increases with the temperature as shown below in Figure II-4.
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Figure II-4 a) Example of a TMA thermogram - Coefficient of thermal expansion α, glass
transition temperature and softening. [Ma,09] and b) TMA of Ge28Sb12Se60 glass.

The CTE of a glass is defined by α which is called the linear coefficient of
thermal expansion. It is a measure of the proportional change in length of a given sample
for a temperature change of 1 degree and is given either in K-1 or °C-1 depending on the
units, according to the following relationship:

α=ΔL/(LΔT)

eq. II-4

where L is the original length, ΔL is the variation in the length and ΔT is the change in
temperature. α is typically related to the structure and type of bonding in the solid.
[Lc,04]
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In this study, a Du Pont Instruments TMA 2940 Thermomechanical Analyser was
used to quantify the volume expansion or contraction of a sample under load as a
function of temperature. The samples studied were cut into cubes with a volume not
below 0.5 mm3 (faces fine ground finish) in order to have a good accuracy of the
coefficient of thermal expansion (CTE) measurement. The coefficient of thermal
expansion of the investigated glasses was measured at a heating rate of 10 °C/min from
25 to 250 °C, and is calculated on the linear sections of the curve. The accuracy of the
measurement is ±0.2 10-6 K-1. [Ma,09] [Ga,08]
The coefficient of thermal expansion can be measured by another way, namely by
dilatometry. For this method, the glass sample is a cylinder of 25.3x9.5 mm. The glass
sample is bigger for dilatometry than for TMA (5x5x5 mm), so the thermal expansion
measurement is typically found to be more precise. . In spite of its superior resolution,
dilatometry was not used for this chalcogenide system because it is difficult to fabricate
cylindrical samples due to the large size requirement and fragile behavior of chalcogenide
glass. For this reason TMA was determined to be the only viable way to measure the
CTE of the glass sample, giving results that are reproducible.

II-3 Viscosity properties
The viscosity of a given glass material will change drastically with changing
temperature. The viscosity curve can give an insight on such temperatures as melting,
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annealing or the temperature of devitrification. Different methods must be used to obtain
the whole viscosity curve as shown in Figure II-5:

Figure II-5: Different ways to measure all parts of the viscosity curve. [Sh,05]
Where:

beam bending
probe penetration
fiber elongation
parallel plate
rotational

At a viscosity of 10 Pa.s, the glass is fluid enough to be considered as a liquid,
however it has to be mentioned that this is not the melting temperature associated with
the crystal-melt phase transition. The viscosity of 103 Pa.s corresponds to the so-called
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“working point”: at this viscosity, the molten glass can be manipulated or
formed/deformed into a final shape. At this temperature the viscosity is low enough to
apply a shear processing but high enough to remain in the formed shape when the shear is
removed. The Littleton softening point of the glass occurs at the temperature
corresponding to 106.6 Pa.s, and it is the temperature at which the glass can deform under
its own weight. In order to remove the stress induced by the quenching of the melt, the
glass needs to be annealed. The annealing temperature is defined to be when the glass
reaches a viscosity of 1012 Pa.s. At this optimum temperature the stress can be relieved in
few minutes. Finally, the “strain point” can be defined as the temperature at which the
glass has a viscosity of 3*1013 Pa.s. At this temperature the stress can be relieved if the
temperature is maintained for several hours.

The glass viscosity properties in the softening region (in the range of Log η = 3.0
–6.0 Pa.s) of the glass were measured with a PPV-1000 parallel-plate viscometer from
Orton Ceramics. As seen below, at the top of the instrument is the sample arm that is
attached to the experimental set-up inside the furnace with a fused quartz support rod.
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Figure II-6 PPV-1000 parallel plate viscometer, Orton Ceramics [Or,PPV].

As the sample height changes as a function of time and temperature, an LVDT
(Linear Variable Differential Transformer) coil, residing on the compensation arm and
attached to the adjacent sample arm, monitors the magnitude and direction of the height
change. The compensation arm is attached via a hollow, fused quartz support rod to the
Inconel® compensation block (12mm thickness), which houses the sample temperature
thermocouple that rests on top of the Inconel® compensation block. By attaching the
LVDT to the Inconel® compensation block, system movement and Inconel® plate
expansion are nullified from the LVDT signal. The insulation acts as the top of the
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furnace in the raised position for experimental measurements. The 1000 °C Kanthal
wound, ceramic fiber lined furnace can be raised and lowered with a motor to house the
glass sample.
The solid right cylinder glass sample 3 – 6 mm in height and 6 – 12 mm in
diameter (faces fine ground finish) resides between two parallel, Inconel® plates lined
with aluminium foil, which is supported atop a fused quartz stage as shown below.

Figure II-7 Zoom on the two parallel Inconel® plates with glass sample between
aluminium foils.

The top Inconel® plate is attached to the fused quartz sample support rod. The
application of the load to the glass sample is done by attaching weights to the sample arm
at the top of the instrument. The LVDT monitors the deflection rate of the glass sample
as a function of temperature or time. [Ga,08] [Ma,09]
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II-4 Optical properties

II-4-1 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR combines the advantage of IR spectroscopy and Fourier Transform to allow
the rapid identification of functional groups and the detection of presence of impurities.
When a molecule absorbs specific frequencies of IR radiation, vibrations or rotations of
the functional groups are excited and an absorbance spectrum, displaying the absorbed
frequencies, can be observed. This spectrum is specific to each molecule, which allows
an experimenter to know with precision the functional groups forming the sample.
Furthermore, the radiation absorbed is proportional to the concentration of each
compound. The absorption spectra were measured at room temperature in nitrogen
atmosphere. Vis-IR absorption spectra were recorded using a spectrophotometer on thick
samples which were optically polished. [Ga,08].

II-4-2 Ultra Violet – Visible spectroscopy

It is crucial to determine the absorption characteristics of a glass, especially when
it comes to optical materials, in order to evaluate their potential application. When light is
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incident on a dielectric boundary, some of the energy is reflected, some is absorbed and
the rest is transmitted. The optical absorption of a glass varies with the thickness of the
piece and the incident wavelength and is function of its physical and chemical structure.
[Bo,91]
The UV-Vis-NIR absorption spectra of the samples in this study were measured
with a dual beam UV-Vis-NIR Perkin Elmer Lambda 900 spectrophotometer. In the
experimental set-up to obtain these spectra the beam was focused onto the sample, with
the light incident on the sample at normal angles. The sample was optically polished and
thoroughly cleaned before any measurement. In this arrangement, the amount of light
transmitted is compared with the source beam and the amount of the light absorbed is
calculated as a function of the wavelength of the beam to obtain the spectra. [Ma,09]
The absorption coefficient (α) measures the spatial decrease in intensity of a propagating
beam due to a progressive conversion of the beam into different forms of energy or
matter [Sh, 08]. The extinction (or absorption) coefficient (αe) translates the decrease in
beam intensity due to all contributing processes and appears in the famous Beer-Lambert
or Bouguer Law [In,88].
From Beer’s law, the intensity decay along the propagation axis can be written as

I(L)= Io*exp(-αL)

eq. II-5

where Io is the initial intensity and α represents the absorption coefficient at each
individual wavelength (cm-1), and L is the sample thickness in cm.
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The absorption coefficient is given by

 I0 

 I 

 dB  10 * Log 

eq.II-6

I0
 10 O.D.
I

eq.II-7

where O.D is the measurement of the optical density (i.e. absorbance) using the Perkin
Elmer Lambda 900 spectrophotometer, after Fresnel reflection correction is applied.
The combination of the equations II-6 and II-7 yields:



1
Ln(10) * O.D.
L

eq. II-8

II-5 Structural characterization

II-5-1 Raman Spectroscopy

Raman spectroscopy is a technique used in condensed matter physics to examine
vibrational, rotational and other low frequency modes in a material.
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Raman scattering is the scattering of incident light by an optical-mode lattice
vibration. The oscillation of the molecule during nuclear vibration is quite slow compared
to the very rapid oscillating electric field of light. Since the electronic cloud follows the
nuclei, we find fluctuations in shape of the electronic cloud that surrounds the molecule
from both the nuclear vibrations and the light wave. The light beam perturbs the
electronic cloud and induces an instantaneous polarizability change with a frequency
equal to the perturbing light radiation. A picture of the principle of emission and
excitation is given in Figure II-8. [Ma,09]

Figure II-8 Excitation and emission of photon [Fa,91].

The levels of vibrations are represented by ν0 (ground state), ν1, ν2 etc. The
difference in energy between two states is what is directly observed in the IR spectrum
and by the Raman shift in frequency from the Rayleigh line as shown in Figure II-8. Note
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that the molecule is first excited to a very high energy state (“virtual state” on the Figure).
Three cases are then possible: return of the molecule to the ground state with emission of
a photon of energy hν0 (Rayleigh scattering), relaxation to a higher energy level than the
ground state with emission of a photon of energy h(ν0-ν1), and finally relaxation to the
ground state after being excited from a higher energy level which creates the emission of
a photon of energy h(ν0+ν1). The last two cases correspond to Raman scattering. In
Figure II-9 is shown a detection of scattering intensity in function of hν.

Figure II-9 Detection of scattering intensity as a function of hν.- Raman shift hν1:
displacement between the laser scattering hν0, h(ν0+ν1) and h(ν0-ν1) [Fa,91].

The equipment needed to observe Raman scattering is simple. The emission and
scattering from the sample are usually collected with a lens and focused into a
monochromator. Gases, liquids and solids can be used as samples in Raman
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spectroscopy. The main problem of this technique comes from the fluorescence
background, when light emitted from the sample is superimposed on the signal at
frequencies close to the Rayleigh line.
In this study, the Raman spectra measurements were conducted using a Senterra
(Bruker Optik) micro Raman system (Figure II-10) using a 785 nm excitation shown
below with a 1 mW power beam. Confirmation that this analysis did not change the glass
structure was obtained by repeating the analysis on the same spot twice in a row for each
measurement.

Figure II-10 Sentarra micro raman system.

The use of this near infrared radiation for Raman excitation was specific to our
study, in that excitation was at energy well below the band gap region for our samples.
This wavelength was chosen to avoid any possible photostructural modification that
could take place by the probe beam during measurements.
The laser beam was focused onto the front polished surface of the sample via a
50x microscope objective, with a spatial resolution of about 1 µm and a spectral

48

resolution of 3.5 cm-1. A backscattering geometry was used to collect the Raman signal,
which was then spectrally analyzed with a spectrometer and a CCD detector. The
Rayleigh line was reduced with a holographic notch filter.

II-5-2 X-Ray Diffraction

X-Ray diffraction (XRD) is a technique often used to determine the
crystallographic properties or chemical composition of materials. In the present study,
XRD was used to check for evidence of glass crystalization after annealing and after
prolonged heat treatment at a temperature near the molding temperature. While the
duration of the heat treatment (87h) is dramatically longer than what the glass would see
in a normal molding cycle, this experiment allowed us to complement the T data for
crystallization stability and to evaluate what crystalline phases, if any, would result from
extended high temperature heat treatment.
The basics of XRD rely on the diffraction of an X-Ray beam on a set of parallel
planes with a d-spacing as shown below:
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As illustrated in Figure II-11, the X-Ray beam hits the sample with an angle θ. A
maximum in reflected beam intensity will occur if the diffracted X-ray wave is in phase
with the original wave. For this phase matching between the diffracted and reflected
beams to occur, the difference in path length between a wave diffracted from 2 different
planes with spacing d has to be an integer of the wavelength of the incident x-ray beam,
as expressed by Bragg’s law [Al,93]:

2d*Sin(θ)=nλ

eq. II-9
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where θ is the angle of incidence of the X-Ray beam, d is the spacing between 2 atomic
planes, n is an integer and λ is the wavelength of the X-ray beam. The dependence of the
intensity on the d-spacing of the material implies that the angle of maximum intensity of
diffracted X-Rays is a function of the size unit cell of the crystal.
The XRD spectra of the glasses were recorded using a Shimadzu XD-3A
instrument with a Cu Kα X-ray source at 1.5418 Å, scanning from 2θ = 5 to 80o with a
step size of 0.02o. Samples were optically polished and mounted on an aluminum sample
holder for measurement. The thickness of the sample was adjusted to fit the system
requirement (~2 mm).

II-5-3 Electron microscopy: elemental dispersive spectroscopy / scanning
electron microscopy (EDS/SEM)

The composition of the investigated samples was checked using the scanning
electron microscope (SEM) coupled with an energy dispersive spectrometer (EDS).
Scanning Electron Microscopy was also used for high magnification observation of an
area of interest in a completely different way from that of the naked eye or even normal
optical microscopy which can resolve crystals on the order of 1-10 m, if present.
Energy Dispersive X-Ray Spectroscopy (EDS), sometimes referred to as EDAX
or EDX, can be used to obtain semi-quantitative elemental results about very specific
locations within the area of interest. Both SEM and EDS can be used for evaluating and /
or analyzing samples, whether for screening purposes or for a failure related issue. EDS
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can provide rapid qualitative, or with adequate standards, quantitative analysis of
elemental composition with a sampling depth of 1-2 μm. Figure II-12.a) and b) show an
overview of the EDS /SEM system and of the detection system of the SEM respectively.

a)

b)

Figure II-12 a) Overview of the EDS/SEM system and b) SEM detection System [Su,98].

Typically, SEM provides the visual “answer” while EDS provides the elemental
“answer”. In scanning electron microscopy, an electron beam is scanned across a
sample's surface. When the electrons strike the sample, a variety of signals are generated,
and it is the detection of specific signals which produces an image or a sample's
elemental composition. In Figure II-13 is shown the electron interaction with the
materials.
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Figure II-13 Electron interactions with materials.

The three signals which provide the greatest amount of information in SEM are
secondary electrons, backscattered electrons, and X-rays [Ki,07] [Lu,08]:
-

Secondary electrons are emitted from the atoms occupying the surface

and produce a readily interpretable image of the surface. The contrast in the image is
induced by the sample morphology. Due to the small diameter of the electron beam, a
high resolution image is obtained.
-

Backscattered electrons are primary beam electrons which are 'reflected'

from atoms in the solid. The difference in the atomic number of each element produces a
contrast on the image which therefore will show the distribution of different chemical
constituents in the sample. Because these electrons are emitted from a depth in the
sample, the resolution in the image is not as good as for secondary electrons.
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-

Interaction of the primary beam with the atoms in the sample causes shell

transitions which result in the emission of an X-ray. The emitted X-ray has a
characteristic energy which is a function of the element atomic structure.
From the emission X-ray spectra, one can infer the elemental composition from
the different shells (K, L, M) involved in addition to the element type. These
characteristic lines are related to the Bohr model of the atom. Figure II-14 shows a
schematic of the origin of some characteristic lines.

Figure II-14 Electron transitions in an atom producing characteristic X-rays.

In EDS, data are collected for all energies at once, and are displayed as a
histogram of electronic counts versus x-ray energy. As a consequence, the analysis is
both qualitative (for elements with atomic numbers between that of beryllium to uranium)
and quantitative without any need of standards. The minimum detection limit is typically
from 0.1 weight percent to a few percent and depends on the element and matrix.
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In this study, the SEM/EDS 3400N was used to analyse the composition of the
investigated polished samples with an accuracy of measurement of ~1 at.%.
Scanning electron microscopy was also used to see crystals in glasses. Optical
microscopy by transmission is the fastest and easiest way to see crystals
(resolution≈1µm), but a traditional optical microscope cannot be used to see crystals in
this case because chalcogenide glasses are opaque in the visible, so it is impossible to see
inside the material without a special microscope. That is why an electronic microscopy
was necessary to see crystals.

As discussed in this chapter, experiments needed to characterize glass properties
for precision glass molding have been developed and protocols applied to the glasses
fabricated. The thermal properties are characterized by Differential Scanning Calorimetry
and Thermomechanical Analysis; physical properties by the density measured with the
Archimede’s method; the mechanical properties explained by the hardness measured by
Vickers way; the optical properties by Fourier Transform Infrared and Ultra-VioletVisible Spectroscopies and the structural properties by Raman spectroscopy, X-Ray
Diffraction and by Elemental Dispersive Spectroscopy/Scanning Electron Microscopy.
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CHAPTER THREE

Results and discussion

In Chapter III, results of the characterization of the glasses are presented. The
evolution of glass properties are described during the substitution of S by Se, and
difference of glass properties between Sb-based system and As-based system are shown.
Additionally, based on the criteria important to PGM, one of the ten compositions is
chosen to be candidate for the precision glass molding based on its resulting physical
properties.

A- Characterization of important properties for the PGM

To be a potential candidate for the precision glass molding, some major properties
must be determined:
-

A wide band gap to obtain the largest transparency region,

-

The CTEglass ≈ CTEmold to obtain the best lens shape with the lowest
residual stress for the image quality,

-

Well-known hardness for optimal polishing behavior of the preform,
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-

Good crystallization stability to minimize crystal formation upon repress,

-

A long viscosity curve to obtain the largest temperature range,

-

High optical purity of glasses to optimize the mid-IR transparency.

This section focuses first on the measurement of the thermal, physical, optical and
structural properties of glasses in the Ge28Sb12S60-xSex and Ge28As12S60-xSex systems.
Then, the effect of heat treatment in the molding temperature range on the glass
properties listed above is discussed.

III-1 Physical properties

III-1-1 Density analysis

Density is known to track with the relative linear fraction of atomic species in the
glass and its molar density. The glass densities for the two glass series examined in this
study (Sb glasses in red, As-containing glasses in blue) are shown in Figure III-1.
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Figure III-1 Evolution of the density as function of the substitution of S by Se in both
glass systems. Errors bars shown are ±2%.

In both glass systems, the density increases when sulfur is replaced by selenium.
The sulfur has an atomic weight of: M=32.06 g/mol, whereas the selenium has an atomic
weight of: M=78.96 g/mol. So during the substitution, the quantity of selenium is
increased, and an increase the glass density is observed. These results are similar to those
obtained for similar compositions in [Pe,05].
Comparing the Sb system and the As system, it is evident that the trend of the Sb
curve (in red) is consistent with that seen for the As-containing glasses (in blue). Arsenic
has an atomic weight of: M=74.92 g/mol whereas Sb has one of: M=121.76 g/mol. The
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stoichiometric coefficient of As and Sb is the same. So due to a higher atomic weight, the
Sb system has a higher overall glass density than the As system.

III-1-2 Thermo-mechanical analysis (TMA)

Chapter I explained the constraints on amaterial to be used in the glass molding
process. To obtain a final molded glass shape matched as closely as possible (typically,
shifted by less than 1 μm) to the tungsten carbide mold shape, the glass and mold must
have reasonably close thermal expansion coefficients (CTEWC = 4.9*10-6 oC-1) . ChGs
typically have high CTE’s compared to visible optical glasses, but knowledge of the
magnitude of such variation between glass and mold type can be used to simulate shape
variation and relaxation behavior of a molded part with forming. [An,08] [Ka,09]
Furthermore, for the night vision application, the aspherical lens could be
subjected to different temperature, from 180K to 330K. This huge variation of
temperature can change the shape of the glass. Indeed, the temperature is at the origin of
the glass deformation. If there is a deformation in the material, the refractive index will
change, all the optical will change. To understand the glass behavior during an
application at extreme temperature (e.g. desert), a thermo-mechanical analysis was done.
Thermo-mechanical analysis can be used to measure the coefficient of thermal expansion
(CTE). As was explained in the Chapter II, the first part of the TMA curve can be used to
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obtain the coefficient of thermal expansion (CTE) which is the indicator of the
deformation of the sample as a function of temperature.
Figure III-2 summarizes the CTE of the investigated glasses, as determined by
TMA:
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Figure III-2 Evolution of the Coefficient of Thermal Expansion (CTE) as function of the
substitution of S by Se in both glass systems. Errors bars shown are ±2%.

It is evident that in both systems the replacement of S by Se in has minimal
impact on the coefficient of thermal expansion. Indeed, the coefficient of thermal
expansion is linked to the coordination number <CN> of the glass. As this study is
focused on an iso-structural substitution the <CN>, and therefore the CTE, is constant
(CTE ≈ 15*10-6 oC-1).
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III-1-3 Micro hardness analysis

The Vickers microhardness of the investigated glasses are shown below in Figure III-3
for the glasses examined.
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Figure III-3 Evolution of the microhardness as function of the substitution of S by Se in
both glass systems. Errors bars shown are ±3%.

In both systems, a decrease of the hardness is evident when sulfur is substituted
by selenium. This can be explained by the strength of the bonds present in the glass (EGeSe=230

kJ/mol, EGe-S=279 kJ/mol, ESb-Se=225 kJ/mol, EAs-Se=227 kJ/mol, EAs-S=264
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kJ/mol [Sh,85]), which are higher in the sulfide glasses than in the selenide glass. Similar
results were obtained previously in related compositions [Pe,05]. Comparing both
systems, a higher hardness for the As system than for the Sb system is seen. As can be
seen from the bond strengths (ESb-Sb=176 kJ/mol [My,66], EAs-As=193 kJ/mol [Do,66],
EGe-Sb=184 kJ/mol [My,66], EGe-As=198 kJ/mol [Sh,85], ESb-Se=225 kJ/mol [Sh,85]), EAsSe=227

kJ/mol [Sh,85]), more energy is needed to break As bonds than Sb bonds. Thus

the As system will be more resistant to the deformation than the Sb system.

III-2 Thermal properties

The glass transition and crystallization temperatures of the investigated glasses
are listed in Tables III-1 and III-2 for the Sb- and As-containing glasses, respectively.

Composition

Tg (°C) [±2°C]

Tx (°C) [±2°C]

Tc (°C) [±2°C]

ΔT= Tx - Tg

Ge28Sb12S60

341.73

526.49

543.77

185.37

Ge28Sb12S45Se15

323.14

510.83

-

187.69

Ge28Sb12S30Se30

318.63

492.76

-

174.13

Ge28Sb12S15Se45

321.78

496.40

460.39

174.62

Ge28Sb12Se60

297.44

491.29

391.57

193.85

Table III-1 Table of characteristic temperatures in Ge28Sb12S60-xSex glass system.
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Composition

Tg (°C) [±2°C]

Tx(°C) [±2°C]

Tc (°C) [±2°C]

ΔT= Tx - Tg

Ge28As12S60

405.07

524.58

-

119.51

Ge28As12S45Se15

387.24

516.02

539.79

128.78

Ge28As12S30Se30

377.42

511.21

495.84

133.79

Ge28As12S15Se45

375.55

508.94

-

133.39

Ge28As12Se60

341.57

504.54

524.26

162.97

Table III-2 Table of characteristic temperatures in Ge28As12S60-xSex glass system.

Looking at the measured ΔT, the difference between the crystallization and the glass
transition temperatures, it is evident that all the glasses have a ΔT larger than 100 °C
indicating that the glasses in the Ge28Sb12S60-xSex and Ge28As12S60-xSex glass systems are
relatively stable against crystallization. As discussed earlier, this glass attribute is
important for glasses which require re-heating to be molded. Indeed, if crystallization
occurs during the molding process, crystals will form and will degrade the physical,
mechanical and optical properties of the lenses.
Shown, in Figure III-4 below, is a plot of Tg as a function of the glass composition for the
glasses studied.
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Figure III-4 Evolution of the glass transition temperature Tg as function of the
substitution of S by Se in both glass systems. Error bars shown are ±2%.

Tg exhibits a decrease when sulfur is replaced with selenium. Indeed, as the
selenium atom is bigger than the sulfur atom, selenium bonds are weaker than sulfur
bonds. More energy (kT) is needed to break sulfur bonds than selenium bonds. In both
cases, the Tg of selenide glass is lower than Tg of sulfide glass. This is an agreement with
published data for related compositions. [Pe,05]
The Tg of the As-containing glasses is overall higher than that of the Sb-containing
glasses. Again, this can be related to the strength of the bonds. Sb atoms are larger than
As atoms, the Sb bonds are weaker than As bonds. Thus, more energy (kT) is needed to
break the As bonds than Sb bonds. It is interesting to note that the glasses with x=30 and
45 in both systems exhibit a similar Tg in a region where mixed types of bonding are
believe to be present (i.e., where formers such as Ge, As and Sb are bonded to both S and
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Se and the dominant metal-chalcogen bond, varies). This hypothesis will be substantiated
in the structural evaluation of these glasses, presented in Section III-5.

III-3 Study of the viscosity

For precision glass molding, the glass must held at a temperature which
corresponds to a viscosity of 106.6 Pa.s < η < 108 Pa.s for the molding cycle. This cycle,
in most commercial manufacturing environments, ranges from minutes to tens of minutes
(through the heat – press- cool portions of the cycle). To accurately predict the material
behavior during the PGM process, understanding of how chemical composition dictates
changes in viscosity is critical, as is the ability to accurately measure that viscosity. To
obtain this viscosity, and to know at which temperature the molding furnace must be
heated up to, the glass’ viscosity curve must be determined experimentally. Additionally,
it is important to understand how this curve and the glass’ forming range, indicated by the
steepness (a “short” glass) or shallowness (a “long” glass) of the curve with temperature,
varies with composition and iso-structural substitution of S by Se and As for Sb.
In the current thesis, viscosity of the investigated glasses was measured between
log η = 3.0 – 6.0 Pa.s using a parallel plate viscometer (PPV) and the data are shown
below in Figure III-5. Also shown are the glass transition temperatures, which has been
defined to be ~ 12 Pa.s [Ma,05].
The parallel plate viscometer is based on Equation III-1:
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eq.III-1

Where:
M: applied load
g: acceleration of gravity
h: height of the sample
V: volume of the sample
dh/dT: rate of change of the height
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Figure III-5 Evolution of the viscosity in Ge28Sb12S60-xSex and Ge28As12S60-xSex glass
systems.
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Trends in the data points from the PPV measurements, and the experimentally
determined value of Tg as determined by DSC, indicate that when sulfur is substituted by
selenium, the log(viscosity) decreases as indicated by the shift in the points to the left.
This trend is expected, considering again that the strength of the Se bonds is lower than
that of the S bonds, and thus require less thermal energy to cause weakening of the glass
network and the onset of flow. Note again that the 30 and 45 mol% Se glasses exhibit
similar viscosity behavior, supporting the hypothesis that the mixed bonds present in the
glass network in this composition region require similar energy to cause the network to
start to yield. This effect is more pronounced in the As-containing glasses where while
the mixed bonding is present as well, the bond strength differential is not as pronounced
as in the Sb-containing glasses. Comparing both systems, it is evident that the viscosity
curves of the As system are at higher temperature than those of the Sb system. This again
is due to the strength of As bonds which are stronger than Sb bonds.

To obtain data between log η = 6 – 12 Pa.s (where larger samples and other
viscometers are required), the Vogel-Fulcher-Tamman (VFT) Equation, III-2, is used to
estimate the glass’ full temperature response. Here, the experimental results have been fit
by :

eq. III-2
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Figure III-6 Curves of the log (viscosity) of the Ge28Sb12S60-xSex and Ge28As12S60-xSex
glass systems.
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These curves can be used to determine the proper temperature range for molding
for each of the glasses.
A thermogravimetric analysis can determine changes in weight as a function of
change in temperature. To check the stability of the glasses during the molding process, a
DTA-TGA was used to check for weight loss at the molding temperature over the course
of 2 hours. Any eventual weight loss would have the effect of changing the composition,
and thus the glass properties. All the glasses studied show a weight loss of less than 2%
over the two hour period. High precision TGA, with a mass spectrometer can be used to
precisely know what species, how much of it and when, it comes out of the glass with
heating. This instrument was not available for use in this study so the above experiment
was carried out to confirm that these glasses were not volatilizing during long duration
heat treatment studies for crystallization.

III-4 Optical properties

III-4-1 Fourier Transform Infrared spectroscopy

The glasses of interest in this thesis are for use in IR optics. Ultimately, such
glasses would be melted from high purity materials using extensive purification routes to
ensure removal of extrinsic contaminants that would reduce transparency for the
application. This study did not use such methods or raw materials, but for purposes of
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interest, IR transmission was measured via FTIR to understand the intrinsic impurity
levels, and hence absorption, present in our glasses. Figure III-7 depicts the FTIR spectra
of Ge28Sb12S60-xSex and Ge28As12S60-xSex glasses.
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Figure III-7 IR spectra of Ge28Sb12S60-xSex and Ge28As12S60-xSex glass systems.

In both systems, it is evident that the glasses have some impurities at specific
wavelengths which reduce the transparency of the material. These spectra show that most
of these impurities decrease when the quantity of sulphur decreases.
The spectrum of the sulfide glass (x=0) exhibits three broad bands located around
2500, 1250 and 1000 cm-1. In accordance with Kanamori et al. [Ka,84], and Borisevich et
al. [Bo,90], the band at 2500 cm-1 has been assigned to the S-H vibration. Indeed, when
the quantity of sulphur decreases, the quantity of S-H impurity decreases too. The band at
1250 cm-1 is attributed to the Ge-O bond vibration and at 1000 cm-1 to S-O bond, in
agreement with Cole et al. [Co,99].
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The spectrum of the selenide glass (x=60) exhibits three broad bands located around
3500, 2250 and 1250 cm-1. In accordance with Savage et al. [Sa,80], and with Kanamori
et al., the band at 3500 cm-1 has been assigned to O-H bonds, the band at 2250 cm-1 to SeH and 1250 cm-1 to Ge-O bond vibrations. These selenide specific peaks disssapear on
the addition of sulfur to the system.

Frequency (cm-1) IR
Assignments
3500
O-H [Sa,80] [Ka,85] [Ko]
3000
H2O [Ka,99]
2500
S-H [Ka,84] [Bo,90]
2250
Se-H [Sa,80] [Ko]
1250
Ge-O [Ma,80]
1100
As-O [Mo,75] [Ra,04]
1000
S-O/Se-O [Co,99]
Table III-3 Assignments of IR frequency of oxide and hydride contaminants in ChGs.

In both cases, impurities due to the hygroscopic behavior of chalcogen elements
are evident. Indeed, sulfur and selenium get oxygen and hydrogen present in the
laboratory air. Assignments have been done for the two systems and are listed in Table
III-3 [Ko].
One of the limiting factors of these glasses for their application in IR optics is
linked to the presence of O-, H- and C- containing groups in the glass matrix. The
insufficiently high purity of raw materials and the influence of the environment on these
materials are the reasons for the appearance of impurity bands. These impurities reduce
the transparency at specific wavelengths. New techniques to purify these glasses are
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currently under investigation, which should expand the use these glasses at different
wavelengths without reducing the transparency, to increase the application range.

III-4-2 Ultraviolet-visible spectroscopy

Below in Figure III-8 are depicted the UV-Visible absorption spectra of the
investigated glasses.
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Figure III-8 Absorption spectrum of Ge28Sb12S60-xSex and Ge28As12S60-xSex as a function
of x.

In both glass systems, there is a shift of the band edge to longer wavelengths,
meaning lower band gap energies, when the sulfur is substituted by selenium. This shift is
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due to the electronic density which is more important in the selenium atom than sulfur
atom.
In the Sb system, to the glass does not absorb above 1000 nm, the glass is transparent in
this part which is the IR region. Below 1000 nm, there is absorption, the glass is opaque
in this part which is the visible region. Similarly, the As system is transparent in the IR
region and opaque in the visible region.

III-5 Structural properties – Raman analysis

Raman spectral analysis has been carried out on glasses to understand the specific
evolution of bonding in the glass network that occurs upon substitution of iso-structural
constituents. Additionally, it has been used to understand the structural origin of the
plateau seen in the compositional variation of many of the physical properties important
to the PGM process, and provide an explanation as to the origins of these findings.
Raman spectra in all cases, have been normalized to the Boson peak. Because this
is an iso-structural substitution, the coordination number <CN> stays constant, so the
order-disorder must stay constant in the glass, namely the Boson peak doesn’t move. The
Raman spectra of the investigated glasses are shown below in Figure III-9.
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Figure III-9 Raman spectra of Ge28Sb12S60-xSex and Ge28As12S60-xSex as a function of x,
Se content.

The Ge28Sb12S60-xSex and Ge28As12S60-xSex glass systems are not stochiometric
compositions. Indeed, in a stochiometric composition, Sb2S3 (and As2S3) and GeS2 are the
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primary molecular units where there are no homopolar (like bonded to like species). In
the present case, all glasses examined are deficient in sulphur (chalcogen) meaning that
homopolar bonding is expected. Homopolar bonds such as Ge-Ge, As-As and Sb-Sb can
be assumed in this case. Each peak has been assigned thanks to similar results and has
been reported in Tables III-4 and III-5 as shown below.


The spectrum of the sulphide glass (x=0) in the Sb system exhibits three broad

bands located around 150, 200 and 320-400 cm-1. In accordance with Frumarova et al.
[Fr,99], and with Julien et al. [Ju,94], the band at 150 cm-1 has been assigned to Sb-Sb

bonds, at 200 cm-1 to Ge-Sb bonds and the band around 320-400 cm-1 has been assigned
to Ge-S bonds.


The spectrum of the selenide glass (x=60) in the Sb system exhibits three broad

bands located around 150, 200 and 300 cm-1. In accordance with Frumarova et al. [Fr,99],
and with Julien et al. [Ju,94], the band at 150 cm-1 has been assigned to Sb-Se bonds, at
200 cm-1 to Ge-Se bonds and the band around 300 cm-1 to Ge-Se bonds.


The spectrum of the sulphide glass (x=0) in the As system exhibits two broad

bands located around 250 and 350-450 cm-1. In accordance with Bertoluzza et al. [Be,78],
and with Frumar et al. [Fru,99], the band at 250 cm-1 has been assigned to As-S bonds and
around 350-450 cm-1 to Ge-S bonds.


The spectrum of the selenide glass (x=60) in the As system exhibits two broad

bands located around 200 and 250-300 cm-1. In accordance with Lucovsky et al. [Lu,83],
and with Julien et al. [Ju,94], the band at 200 cm-1 has been assigned to Ge-Se bonds and
around 250-300 cm-1 to As-Se bonds.
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Frequency (cm-1) Raman
165

Assignments
GeS4/2 + S2/2Sb-SbS2/2 +
Se2/2Sb-SbSe2/2
190
Sb2S3
201
GeSe4/2
218
Ge2Se3S + Ge2Se8/2
250
Ge-Ge
280
GeSe4 + electronic density
of Ge
298
SbS3/2 +SbS3 + GeSe4
322
GeS4/2
346
GeS4
373
Ge2S4S2/2
405
GeS4/2
425
S3Ge-S-GeS3
Table III-4 Assignments of Raman frequencies (cm-1) of

Reference
[Ka,94][Me,03] [Ju,94]
[Fr,99][Ko][Na,10]
[Bo,87]
[Lu,74] [Go,95]
[Lu,74]
[Na,10]
[Na,10] [Fr,99] [Bo,87]
[Wa,00]
[Na,10] [Fr,99]
[Me,03] [Ju,94] [Fr,99]
[Ju,94]
[Me,03] [Ju,94] [Fr,99]
[Me,03] [Ju,94] [Fr,99]
[Ka,94], [Me,03]
the Ge28Sb12S60-xSex glass

system.

Raman shift (cm-1)
Assignments
Reference
203
GeSe4/2
[Sa,03][Go,95][Lu,83]
215
GeSe8/2
[Lu,83]
221
As-S-As
[Fo,69][Be,78]
238
S2/2As-AsS2/2
[Fr,99]
240
AsSe3/2
[Ko,73][Ju,94][Ko,98]
310
Se3Ge-GeSe3
[Va,05]
350
GeS4/2
[Lu,83]
373
Ge2S4S2/2
[Me,03][Ju,94][Fru,99]
405
GeS4/2
[Me,03][Ju,94][Fru,99]
431
S3Ge-S-GeS3
[Me,03][Ka,94]
Table III-5 Assignments of Raman frequency (cm-1) of the Ge28As12S60-xSex glass system.
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In the Ge28Sb12S60-xSeX glass system, it is evident that when 0 < x <30, the peak at
201 cm-1 which is GeSe4/2, increases. In contrast, the peak at 165 cm-1, which is Se2/2SbSbSe2/2, stays constant. When 30 < x < 60, the inverse situation is seen, namely the peak
at 165 cm-1 increases and the 201 cm-1 feature remains constant. This evidence supports
the hypothesis that the creation of Ge-Se bonds is preferred when 0 < x < 30; and the
creation of Sb-Se is favored when 30 < x <60.
In the Ge28As12S60-xSeX glass system, when 0 < x < 30 the peak at 240 cm-1, which
is AsSe3/2, increases. In contrast, the peak at 203 cm-1 which is GeSe4/2 stays constant.
When 30 < x < 60, the inverse situation is seen: the peak at 203 cm-1 increases and the
240 cm-1 feature stays constant. From these results, it can be inferred that when 0 < x <
30, the glass system prefers As-Se bonds and when 30 < x <60, it prefers Ge-Se bonds.
Thus, the dominant bond type shifts across this transition threshold, as evident in many of
the physical properties shown earlier.

B Study of crystallization

III-6 Crystallization in the glass investigated Ge28Sb12S60-xSex with x = 0, 30, 60.

During the molding process, the glasses are subjected for few minutes to heat
treatment at high temperature where in an “unstable” glass, crystallization could start.
Thus, it is important to know if the glass system being reheated and reformed into an
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aspheric optic via PGM, will crystallize or not. As the presence of crystals can deteriorate
the physical, thermal and optical properties of the lens, it is crucial to verify that no
crystal will form in the glass during the molding process. Various methods are used to
detect crystals. XRD analysis is the most common method for detecting the presence of
crystals, but the use of X-Ray Scattering, DSC, optical and electronic microscopy are
other possibilities as well. In this study, XRD and SEM/EDS are used to characterize
crystals. Indeed, the use of these experiments was influenced by the shape of the sample,
to the size of the crystals and the place where crystals are expected to form (surfacebulk).
As discussed in Section I-3-2, due to the surface energy and impurities, the
surface of the glass is the most likely place for crystallization. Crystals at the surface can
drastically reduce the glass transparency due to scatter loss. Crystals in bulk are less
numerous, but if present, glass transparency is reduced due to the refractive index (RI)
mismatch between the amorphous glass matrix and crystallite. In this study, XRD
analysis was used, which is the most common way to determine if the material is
amorphous or crystalline. SEM/EDS was used to see and obtain (where present) the
composition of crystals. These techniques were enough for this study.

The Sb-containing glasses with x = 0, 30 and 60 were heat treated for 7 to 87
hours at 350 °C, respectively which corresponds to temperature in the molding
temperature range of the glasses.
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X-Ray Diffraction patterns of the glasses prior to and after the heat treatment are
shown below in Figure III-10.
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Figure III-10 Diffractogram of Ge28Sb12S60, Ge28Sb12S30Se30 and Ge28Sb12Se60 glass
systems.
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Ge28Sb12S60 and Ge28Sb12S30Se30, appear to be amorphous materials due to the
lack of sharp peaks, which are characteristic of a crystalline structure. Broad halos are
observed instead of peaks, because of the short range order in amorphous materials, and
no presence of crystallites is seen. Thus for purposes of this study, these glasses are
considered to be X-ray amorphous.
Only Ge28Sb12Se60 after a heat treatment of 87h at the molding temperature gives
rise to peaks characteristic of the GeSe crystal structure. A mixture of several phases is
believed to be present in the material as evidenced by the additional peaks seen. The
analysis suggests that the glass is composed of a very small quantity of GeSe crystals and
a Ge28Sb12Se60 amorphous phase. Below in Figure III-11 are shown the position of the
characteristic peaks of the GeSe crystal.
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Figure III-11 XRD of “Ge28Sb12Se60 AP 87h” and characteristic peaks of GeSe crystal
structure.

To determine if the crystallization seen in Figure III-10 is surface or bulk
crystallization, the XRD patterns were measured again after polishing the glasses. Below
in Figure III-12 are shown the new XRD pattern of the glasses following polishing.
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Figure III-12 Diffractogram of Ge28Sb12Se60 at 7h, 43h, 87h before and after polishing
(AP).

Only Ge28Sb12Se60 presents two crystallization peaks. Certain peaks appear and
others disappear with the polishing of the surface, thus it is evident that the surface is
characterized by a crystal structure that has not been identified, and that the bulk is
characterized by GeSe crystal structure.
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SEM-EDS was also used to analyze the samples, which permits measurement of crystal
size elemental analysis of the crystals.

Figure III-13 GeSe3 crystals (white spot) by SEM-EDS.

The SEM analysis shows the presence of crystals (white spot) and bubbles (black
spot), which markedly deteriorate the transparency of the material, leading progressively
to its opacity in the infrared range. With the EDS analysis, the composition of these
crystals is determined to be GeSe3.

The Ge28Sb12S60-xSex system is relatively stable against crystallization; only
Ge28Sb12Se60 exhibits the onset of crystallization after a long heat treatment. This glass
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shows two kinds of crystallization: one surface crystallization defined by GeSe3 crystals
and a bulk crystallization defined by GeSe crystals.

III-7 Evolution of optical properties

Below in Figure III-14 are shown the transmission spectra of the glass prior to and
after heat treatment.
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Figure III-14 Transmission curves in the far infrared of Ge28Sb12S60 and Ge28Sb12S30Se30
glass compositions.
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The transmission spectrum for Ge28Sb12S60 and Ge28Sb12S30Se30 remains
unchanged by the heat treatment. Indeed, these two glass composition are indeed stable
against the crystallization even after a long heat treatment, confirming the results
presented above. No crystals are present in the glass, and no apparent weight loss (via
TGA) has been seen that would distinctly alter the long-wave shape of the spectrum.
Thus, no evolution of the transmission is expected.
Ge28Sb12Se60 tends to crystallize after long heat treatments, as compared to the
other investigated glasses. A decrease in the transmission after heat treatment for 87h is
also visible, as shown in Figure III-15. Crystals bring important changes in the optical
properties, indeed, at 43h and 87h, the transmission in the glasses are null. After a long
heat treatment, some bubbles appear in the material. After 87h, the decrease of the optical
properties is essentially due to crystals but also to bubbles. After 43h, the decrease is due
to the presence of bubbles in the material.
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Figure III-15 Transmission curve in the far infrared of Ge28Sb12Se60 glasses after

80

80

70

70

60

60

50
40
30

Ge28Sb12S60 after polishing
t = 0h
t = 7h
t = 43h
t = 87h

20
10
0
400

600

800

1000

1200

Transmission (%)

Transmission (%)

polishing and following extended heat treatment, in air at 350 oC.

50
40
30

Ge28Sb12S30Se30 after polishing
t = 0h
t = 7h
t = 43h
t = 87h

20
10

1400

0
400

1600

Wavelength (nm)

600

800

1000

1200

1400

1600

Wavelength (nm)

Figure III-16 Transmission curve in the visible and near infrared of Ge28Sb12S60 and
Ge28Sb12S30Se30 glasses after polishing and following extended heat treatment, in air at 350 oC.
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We have seen that Ge28Sb12Se60 presented a facility to crystallize, compared to
others investigated glasses.
We can see a decrease of the transmission after heat treatment for 87h. Crystals bring
important changes in the optical properties, indeed, at 43h and 87h, the transmission in
the glasses are null. After a long heat treatment, some bubbles appear in the material.
After 87h, the decrease of the optical properties is essentially due to crystals but also to
bubbles. After 43h, the decrease is due to the presence of bubbles in the material.

III-8 Evolution of mechanical properties

III-8-1 Evolution of density

Figure III-17 shows the evolution of the density in the selenide glass after
different heat treatment times:
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Figure III-17 Evolution of the Ge28Sb12Se60 glass density after long heat treatment at the
molding temperature, namely 350 oC,

The density decreases when the time of heat treatment is increased. This is a
comparatively long heat treatment and the temperature is between Tg and Tx (Tmolding=350
o

C). During the heating, selenium which has a melting temperature above 220 oC is

expected to volatilize, so the composition of glass is expected to change. Furthermore,
after this long heat treatment, bubbles are created in the glass. Presence of bubbles and
possible evaporation (could be checked by EDS) of Se are responsible of the decrease of
the density.
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III-8-2 Evolution of microhardness

Table III-6 shows the evolution of the micro hardness in the Ge28Sb12Se60 glass after
heat treatment.

Composition

Microhardness Hv (kg/mm²) [±3%]

Ge28Sb12Se60 - 0 H

206

Ge28Sb12Se60 - 7 H

206

Ge28Sb12Se60 - 43 H

174

Ge28Sb12Se60 - 87 H

170

Table III-6 Hardness of Ge28Sb12Se60 after heat treatment of 0h, 7h, 43h and 87h.

A decrease of the hardness after a long heat treatment is evident. Hardness is
defined as the resistance to crack initiation and thus the decrease seen could in part be
due to some further softening of the surface (due to possible changes in bonding or
chemistry). Indeed, the bulk is characterized by GeSe crystals after heat treatment, so the
quantity of Ge in the glass network actually decreases during the crystallization.
Furthermore it is easier to initiate cracks due to the formation of bubbles in the glass.
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CONCLUSION

This study focused on two systems: Ge28Sb12S60-xSex and Ge28As12S60-xSex. The
main goal was to evaluate the influence of an iso-structural substitution on the physical,
thermal and optical properties of the glasses. Such a systematic analysis clarifies the role
of each of the elements in these properties of the glass. Specifically, in this study, the
changes in these properties were measured and an assessment was made as to which
would be most beneficial and detrimental for designing and producing a new glass for
PGM.
For precision glass molding, special glass characteristics are necessary, such as a
coefficient of thermal expansion close to that of the mold, an excellent crystallization
stability during the molding process, a high band gap energy to obtain a larger domain of
transparency, and high purity to maximize the transparency of the glass. The Tg and Tx
temperatures, the micro hardness and the viscosity all decrease during the iso-structural
substitution whereas the density increases due to the sulfur substitution by selenium: the
bond strength changes due to a different size of the S and Se ionic radius leading to the
formation of weaker bond.
These chalcogenide glasses present some impurities at specific wavelengths
which reduced the transparency of the material. It seems that selenide glasses contain
fewer intrinsic impurities than sulfide glasses. This fact could be explained by the greater
hygroscopic behavior of the sulfur compared to selenium.
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Moreover, using Raman spectroscopy, it was shown that when 0 < XSe < 30,
Ge28Sb12S60-xSex glass system is dominated by Ge-Se bonds whereas Ge28As12S60-xSex by
As-Se bonds. When 30 < XSe < 60, Ge28Sb12S60-xSex is dominated by Sb-Se bonds
whereas Ge28As12S60-xSex by Ge-Se bonds.
Furthermore, we have seen that for the precision glass molding, some properties are
important. This table shows the best and worst glass compositions for these properties.

--

-

+

++

Ge28Sb12Se60
Ge28As12S60

Ge28Sb12S15Se45
Ge28As12S45Se15

Ge28As12S45Se15
Ge28Sb12S45 Se15

Ge28As12S60
Ge28Sb12Se60

Ge28As12Se60

Ge28As12S15Se45

Ge28Sb12S45 Se15

Ge28Sb12S60

Ge28Sb12S60
Ge28As12Se60
Ge28Sb12S15Se45
Table III-7: Glass compositions for the PGM properties.

Ge28Sb12Se60

Wide band gap
Crystallization
stability
Long viscosity
curve
Optical purity

In the second part, it was verified that glass crystallization can occur during the
molding process. Indeed, the glass molding temperature was between the glass transition
temperature Tg and the crystallization temperature Tx, which was the ideal region for the
nucleation and growth of crystals. As the Sb system seemed to be the most interesting
candidate for PGM due to its excellent crystallization stability, its long viscosity curve,
its low absorption, and its low hardness/more ductile behavior, effort was focused on
understanding the crystallization behavior of the Sb-containing glasses with x = 0, 30 and
60. It was found that these glasses were extremely stable against crystallization due to
large ΔT, the difference between the crystallization and glass transition temperatures.
Analysis showed that two crystallizations were present in this glass: a surface
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crystallization with GeSe3 and a bulk one with GeSe crystals. Additionally, bubbles were
created in the material, inducing a decrease of density and microhardness.

Among these 10 different compositions, some of them could be better for the
molding. Continued work is necessary to complete our comprehension of this
complicated system but selenide glass in the Sb-based system seems to be one of the best
candidates for PGM due to its physical behavior (low hardness/more ductile), its long
viscosity curve, its excellent crystallization stability and its purity.
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FUTURE WORK

This study is just the beginning of large project. Indeed, precision glass molding
can offer new possibilities, new properties and better results for optical applications.
Different parts are present in this project, but the study of new glasses is not the least
important. In this thesis, new glasses which can be candidates for infrared applications
with PGM process have been developed and investigated. But the complex structure and
behavior of chalcognide glass gives rise to many issues in their usage. Indeed, it has been
demonstrated that dominant bonds have been changed during the substitution. To have
the best understanding of this point, new glasses have to be melted around the plateau:
Ge28(Sb,As)12S35Se25,

Ge28(Sb,As)12S25Se35,

Ge28(Sb,As)12S20Se40

and

Ge28(Sb,As)12S10Se50 glass compositions. DSC and Raman spectroscopy on these
compositions will further clarify the current results.
A study of the strength of the bonds by X-ray Photoelectron Spectroscopy (XPS)
will also clarify the nature of this bond change.
Measuring the refractive index of all of the glasses must be the next step. This
property was not investigated due to time constraints, but this optical property is
important for the precision glass molding process. Measurement of the index will be
done by ellipsometry.
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After these measurements, it will be interesting to mold one of the glasses
(Ge28Sb12Se60) and evaluate differences in the physical, optical and structural properties,
before and after molding.
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